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Mechanisms of the Genotoxicity of Crocidolite Asbestos in Mammalian Cells:
Implication from Mutation Patterns Induced by Reactive Oxygen Species
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Asbestos is an important environmental carcinogen in the United States and remains the primary
occupational concern in many developing countries; however, the underlying mechanisms of its
genotoxicity are not known. We showed previously that asbestos is a potent gene and chromosomal
mutagen in mammalian cells and that it induces mostly multilocus deletions. Furthermore, reactive
oxygen species (ROS) are associated with the mutagenic process. To evaluate the contribution of
ROS to the mutagenicity of asbestos, we examined their generation, particularly hydrogen perox-
ide, and compared the types of mutants induced by crocidolite fibers with those generated by H,0,
in human—hamster hybrid (A;) cells. Using confocal scanning microscopy together with the radical
probe 57,6’-chloromethy-2",7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA), we found
that asbestos induces a dose-dependent increase in the level of ROS among fiber-treated Ay cells,
which is suppressed by concurrent treatment with dimethyl sulfoxide. Using N-acetyl-3,7-
dihydroxyphenoxazine (Amplex Red reagent) together with horseradish peroxidase, we further
demonstrated that there was a dose-dependent induction of H,O, in crocidolite-treated Ay cells.
The amount of H,0, induced by asbestos reached a plateau at a dose of 6 pg/cm?. Concurrent
treatment with catalase (1,000 U/mL) inhibited this induction by 7- to 8-fold. Mutation spectrum
analysis showed that the types of CD59~ mutants induced by crocidolite fibers were similar to those
induced by equitoxic doses of H,O,. These results provide direct evidence that the mutagenicity of
asbestos is mediated by ROS in mammalian cells. Key words: 10-acetyl-3,7-dihydroxyphenoxazine
(Amplex Red reagent), 5’,6”-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, crocidolite
asbestos, human—hamster hybrid cell, hydrogen peroxide, mutation spectrum, reactive oxygen
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Asbestos fibers are fibrous mineral silicates
that have been associated with the develop-
ment of pulmonary fibrosis, bronchogenic
carcinoma, and malignant mesotheliomas in
both humans and experimental animals (7,2).
The fact that asbestos, a well-established car-
cinogen, has been used extensively in industry
and households makes it an important health
concern. It has been suggested that the dan-
ger of developing asbestos-related diseases
extends beyond that of a simple occupational
hazard because it has been documented in
family members of asbestos workers, in indi-
viduals living in the neighborhood of indus-
trial sources of asbestos, and in some schools
and public buildings where asbestos is being
used as insulation material (3—5). Moreover,
resuspension of materials from asbestos-con-
taining ceilings has been shown to be the
main source of asbestos pollution in old,
poorly maintained buildings (6). The contin-
ued discovery of routes through which the
general public may be exposed to asbestos
suggests a long-term, low-dose exposure of a
large number of people.

The mechanisms by which asbestos pro-
duces malignancy are not entirely clear.
Various #n vitro and in vive studies have sug-
gested that fiber dimension, surface properties,
and physical durability are important criteria

for the carcinogenicity of the fibers (2,7).
Although reactive oxygen species (ROS) have
been indicated as one of the key determinants
of asbestos-induced mutagenesis and carcino-
genesis, the types and origin of these free radi-
cals remain elusive (8,9). It has been shown
that ROS such as superoxide anions (O,7) and
hydrogen peroxide originate not only from
redox reactions catalyzed on the fiber surface
but also from the incomplete phagocytosis of
fibers in various cells, such as phagocytic,
mesothelial, and rat lung epithelium cells
(10-12). The involvement of ROS and the
protective effects of antioxidants such as cata-
lase and superoxide dismutase and radical scav-
engers such as dimethyl sulfoxide (DMSO)
and Tempol in asbestos-induced toxicity have
been studied in various cell systems as well
(8,13,14). These biologically reactive ROS, in
particular hydroxyl radicals (OH"), act directly
or indirectly to damage neighboring biomole-
cules, such as DNA and membrane lipid
(14,15). There is evidence to suggest that the
array of DNA and chromosomal damages
induced by ROS such as base substitutions,
deletions, rearrangements, insertions, sister
chromatid exchanges, and chromosomal aber-
rations may lead to a broad spectrum of muta-
tions in mammalian cells (/6). However,
carlier studies on the mutagenicity of asbestos
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at either the /prt or oua loci in a variety of
mammalian cells have resulted in mostly nega-
tive findings (17,18). Subsequent studies have
suggested that this could be a result of multilo-
cus deletions induced predominantly by
asbestos, which are not compatible with the
survival of the mutants.

Several mutagenicity assays, which detect
either large chromosomal mutations, homol-
ogous recombination, or score mutants
located on nonessential genes, have demon-
strated the mutagenic potential of various
fiber types (19-22). Although these findings
have indicated a close relationship between
chromosomal abnormalities that have fre-
quently been shown in fiber-exposed human
and rodent cell lines and carcinogenicity in
vivo, there is less direct evidence to illustrate
how ROS are involved in those processes.

The human-hamster hybrid (Ap) cell,
which contains a full set of hamster chromo-
somes and a single copy of human chromo-
some 11, is sensitive in detecting mutagens
that induce mostly large, multilocus deletions
such as ionizing radiation and certain heavy
metals (23,24). Because only a small part of
region 11p15.5 is required for the viability of
Ay cells, mutations in the human chromosome
11 ranging in size up to 140 Mbp of DNA can
be detected. Compared with the hamster Aprt
locus, previous studies have shown that there is
a 50-fold increase in mutant yield at the CD59
locus in crocidolite-treated Ay cells (25).

In the present studies we focused on clari-
fying the role of ROS in mediating crocido-
lite-induced mutagenicity in mammalian
cells. We followed the generation of ROS
with the radical probe 5/,6’-chloromethy-
2’,7’-dichlorodihydrofluorescein diacetate
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(CM-H,DCEDA) in fiber-exposed live cells
with or without DMSO. Increase in ROS
production was associated with the oxidation
of the nonfluorescent dye to the highly fluo-
rescent 2’,7’-dichlorofluorescein (DCF) (26).
We further determined the formation of
H,0, from crocidolite fiber-treated cells
using Amplex Red reagent either in the pres-
ence or absence of catalase. Because H,0,
can react with intracellular metals to produce
ROS via the Fenton reaction, we speculated
that asbestos fibers would induce similar types
of mutations as that of chemically generated
ROS (27,28). We found that there was a
dose-dependent formation of ROS in croci-
dolite fiber-exposed Ay cells, and the protec-
tive effects of antioxidants were demonstrated
by DMSO and catalase. Furthermore, we
found that asbestos fibers were mutagenic and
the types of mutants induced were similar to
those of chemically generated ROS analyzed
at two equitoxic doses. These results provide
direct evidence that the genotoxicity of
asbestos fibers is mediated by ROS.

Materials and Methods

Cell culture. We used the human—hamster
hybrid (Ap) cell line containing a standard set
of CHO-K1 chromosomes, and a single copy
of human chromosome 11. Chromosome 11
contains the CD59 gene (also known as
MICI) at 11p13.5, which encodes the CD59
cell-surface antigen marker (formerly known
as S1) that renders Ay cells sensitive to killing
by the monoclonal antibodies E7 in the pres-
ence of rabbit serum complement (HPR,
Denver, PA). Antibody specific to the CD59
antigen was produced from hybridoma cul-
ture. Cells were cultured in Ham’s F-12
medium supplemented with 8% heat-inacti-
vated fetal bovine serum (Atlanta Biological,
Norcross, GA), 2 x 1074 M glycine, and 25
pg/mL gentamycin at 37°C in a humidified
5% CO,/95% air incubator, and passaged as
described by Hei et al. (19,24,25).

Preparation of crocidolite fibers. We used
International Union Against Cancer standard
reference crocidolite fibers (average length 3.2
+ 1.0 pm; average diameter 0.22 + 0.01 pm)
in these studies. The fibers were prepared as
described previously (8,25). Briefly, samples of
fibers were weighed and suspended in distilled
water. The fiber suspension was triturated six
to eight times with a 20-gauge syringe needle.
A stock solution of the fibers was sterilized by
autoclaving and mixed to ensure a uniform
suspension before being diluted with tissue
culture medium for cell treatment.

Treatment with antioxidants. Catalase
(Sigma Chemicals, St. Louis, MO) was pre-
pared fresh each time due to its unstable
nature in aqueous solution (8). Stock catalase
solution was membrane-filtered and diluted
with medium to a working concentration of
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1,000 U/mL. DMSO (Sigma) was diluted
directly from stock solution with medium to a
final concentration of 0.5% (v/v). To demon-
strate the involvement of ROS in asbestos
mutagenesis, exponentially growing Ay cells
were exposed to asbestos for 24 hr with or
without concurrent treatment with either
catalase or DMSO. To ascertain the muta-
genicity of HyO, (30%; Sigma), we exposed
exponentially growing Ay cells to H,O, in
serum-free medium for 15 min with or with-
out concurrent treatment with either catalase
or DMSO. The doses of catalase and DMSO
used here were nontoxic and nonmutagenic.
After treatment, cells were trypsinized and
replated for survival and mutation assays.

Determination of intracellular ROS.
Exponentially growing Ay cells were plated
onto 35-mm glass-bottom microwell dishes
(Bioptech Inc., Butler, PA). After overnight
incubation, cells were pretreated with a 1-uM
dose of the nonfluorescent, membrane-perme-
able dye CM-H,DCFDA (Molecular Probes,
Eugene, OR) at 37°C for 40 min as described
by Long et al. (26). Subsequently, the cells
were washed twice with cold ACAS buffer
(127 mM NaCl, 0.8 mM KCI, 1.2 mM
CaClz, 1.2 mM KH2PO4, 4.4 mM CGleoG,
10 mM HEPES, pH 7.4) to decrease meta-
bolic activity and remove any excess dye. We
added 1 ml ACAS buffer or fiber suspension
with or without DMSO to the dishes, which
was rapidly warmed to 37°C on the Zeiss
Axiovert 100 TV microscope (Carl Zeiss,
Thornwood, NY). Cells were viewed by using
100 x 1.4 objective lens equipped with a laser
scanning confocal attachment (model
LSM410, Zeiss). CM-H,DCFDA was excited
with the 488-nm line of an argon/krypton
mixed gas laser. Emission was collected with a
510-nm long pass filter. A semiquantitative
estimation of ROS-associated fluorescent sig-
nals was obtained using the composite images
generated by Adobe Photoshop (Adobe
Systems, Mountain View, CA). We randomly
selected 60-80 individual cells per dose per
experiment and quantified the fluorescent
images as described by Liu et al. (29). On
average, we measured up to 200 cells per
exposed group.

Fluorescent microassay of hydrogen perox-
ide. We measured the release of H,O, by
horseradish peroxidase (HRP)-dependent oxi-
dation of N-acetyl-3,7-dihydroxyphenoxazine
(Amplex Red reagent; Molecular Probes) in
96-well tissue culture plates as described by
Mohanty et al. (30). Briefly, 100 pl Amplex
Red reagent solution (144.4 mM NaCl, 5.7
mM NazPOy, 4.86 mM KCI, 0.54 mM
CaCly, 1.22 mM MgSOy, 75 pM Amplex
Red reagent, pH 7.35) containing 0.5 U/mL
HRP (Molecular Probes) and graded doses of
crocidolite fibers in the presence or absence of
1,000 U/mL catalase were added to 96-well

microplates and incubated at 37°C for 15
min. We replated 20 pl of exponentially grow-
ing Ay cells at a density of 2 x 10%/mL into
the microplates and incubated them at 37°C
for 4 hr. We measured the fluorescence inten-
sity of each well using a microplate reader
(Bio-Tek Instruments, Inc., Winooski, VT)
with an excitation wavelength in the range of
530-560nm. The concentration of H,O, was
determined based on a standard curve.

Cytotoxicity of crocidolite fibers and
hydrogen peroxide. Exponentially growing Ap
cells were treated with graded doses of fibers
for 24 hr or with H,O, in serum-free
medium for 15 min. After treatment, cultures
were washed with balance salt solution,
trypsinized, and replated into 100-mm diam-
eter Petri dishes for colony formation. The
cultures were incubated for 7 days, at which
time they were fixed with formaldehyde and
stained with Giemsa. We counted the num-
ber of colonies to determine the surviving
fraction as described (19,25).

Quantification of mutations at the CD59
locus. After completion of the various treat-
ments, the cultures were replated into T75
flasks and cultured for 1 week before mutage-
nesis testing began as described (23,25). This
expression period is necessary for the surviving
cells to recover from the temporary growth lag
induced by either crocidolite fibers or H,O,
and multiply sufficiently, so that the progeny
of the mutated cells no longer express lethal
amounts of the CD59 surface antigen. To
determine mutant fraction, 5 x 10% cells were
plated into each of six 60-mm dishes in a total
of 2 mL of growth medium. After incubation
for 2 hr, we treated the cultures with 0.2%
CD59 antiserum and 1.5% (v/v) freshly
thawed complement. Controls were com-
posed of identical sites of dishes including
antiserum alone, complement alone, or nei-
ther agent. The cultures were incubated for
7-10 days, at which time they were fixed,
stained, and the surviving colonies were
scored. We tested the colonies for mutant
yield each week for 2 consecutive weeks to
ensure the full expression of mutations. We
calculated mutant fractions as the number of
surviving colonies divided by the total number
of cells plated after correction for any nonspe-
cific killing due to complement alone.

Analyses of mutant spectrum by multiplex
polymerase chain reaction. CD59- mutants
were isolated by cloning and expanded in cul-
ture as described (24). To ensure that all
mutants analyzed were independently gener-
ated, we isolated only one and, occasionally,
no more than two well-separated mutants per
dish for analysis. Five marker genes located on
either the short arm (W7, PTH, CAT, RAS) or
the long arm (APO-A1) of human chromo-
some 11 were chosen for multiplex polymerase
chain reaction (PCR) because of their mapping
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positions relative to the CD59 gene and the
availability of PCR primers for the coding
regions of these genes. PCR amplifications were
performed for 30 cycles using a DNA thermal
cycle model 480 (Perkin-Elmer/Cetus) in 20-
pl reaction mixtures containing 0.2 pg of the
EcoRI-digested DNA sample in 1x Stoffel
fragment buffer, all four dNTPs (each at 0.2
mM), 3 mM MgCl,, 0.2 mM each primer,
and 2 U Stoffel fragment enzyme. Each PCR
cycle consisted of denaturation at 94°C for 1
min, annealing at 55°C for 1 min, and exten-
sion at 72°C for 1 min. After the last cycle,
samples were incubated at 72°C for an addi-
tional 20 min, electrophoresed on 3% agarose
gels, and stained with ethidium bromide.
Statistics. We analyzed data using Student’s
t-tests. Differences between means were

regarded as significant if p < 0.05.

Results

Intracellular ROS production induced by
crocidolite fibers. If generation of ROS is one
of the major mechanisms for asbestos-
induced mutagenesis in mammalian cells,
then fiber treatment should be expected to

induce ROS production in the Ap cells. To
quantify intercellular ROS induced by croci-
dolite fibers, Ay cells were pretreated with
CM-H,DCFDA, which passively diffused
into cells and was oxidized by ROS to a fluo-
rescent form (29). Figure 1A and C illustrate
CM-H,DCFDA fluorescent imaging in con-
trol Ap_ cells and cells treated with a 6 pg/cm?
dose of crocidolite fibers, respectively. These
images show a typical field of the various
treatment groups, generated from composite
confocal images of 11 sagittal sections. Cells
exposed to fibers exhibited a higher fluores-
cence level when compared to the control,
indicative of higher intercellular oxidant lev-
els. However, some fluorescence was detected
in the control culture, which might be due to
the normal oxidative metabolism of cells such
as mitochondrial respiration.

A dose-dependent induction of ROS in
Ay cells treated with asbestos fibers is shown
in Figure 2. Quantification of relative fluores-
cence in fiber-treated and control cells indi-
cated that treatment of cells with a 6 pg/cm?
dose of crocidolite fibers induced a 5-fold

increase in the generation of ROS compared

Figure 1. Representative image of fluorescent signals generated from composite images obtained by confo-
cal microscopy of A cells pretreated with the radical probe CM-H,DCFDA for 40 min with or without subse-
quent ashestos treatment. (A) Control A, cells treated with only fluorescent probe; (B) control cells in the
presence of 0.5% DMSO; (C) 20 min after treatment with a 6 pg/cm? dose of crocidolite fibers; (D) treatment

with crocidolite and concurrent 0.5% DMSO (600x).
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to the control (p < 0.05). However, there was
no further increase in fluorescence induction
with fiber concentration > 6 pg/cm?. The
oxyradical nature behind the increase in fluo-
rescence intensity was further supported by
including the radical scavenger DMSO in the
reaction mixture. Although DMSO alone had
little effect on the formation of ROS among
control cells (Figure 3), the relative fluores-
cence level induced by a 6 pg/cm? dose of
fibers in Aj cells decreased from 59.01 + 6.74
to 19.30 + 0.85 in the presence of DMSO (p
< 0.05), which was consistent with our previ-
ous studies of a suppressive effect of DMSO
on the formation of 8-hydroxy-deoxyguano-
sine in crocidolite-treated Ay cells (31).

Hydrogen peroxide production induced by
crocidolite fibers. Figure 4 shows the release of
H,0, from asbestos-treated A cells based on
HRP-catalyzed oxidation of fluorescent
Amplex Red reagent in the presence or
absence of catalase. There was a dose-depen-
dent induction of H,O,, reaching a peak of
0.32 + 0.055pM at a 6 pg/cm? dose of fibers.
Catalase, which directly metabolizes H,O, to
water and oxygen, has been shown to be an
effective free-radical scavenger in various cell
systems (32). Concurrent treatment of A cells
with crocidolite fibers at a dose of 6 pg/cm?
and catalase (1,000 U/mL) suppressed H,O,
induction by 7- to 8-fold (p < 0.05). The dose
of catalase used here had little effect on the
level of H,O, in control cells. Likewise, heat-
inactivated catalase (by boiling for 10 min)
had little effect on the fluorescence intensity
of fiber-treated A; cells.

Cytotoxicity and mutagenicity of crocido-
lite fibers and hydrogen peroxide. To show
that ROS induced by asbestos fibers actually
mediate the mutagenic events, it is necessary
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Figure 2. Relative fluorescence intensity of ROS in
A cells as a function of crocidolite concentration.
Exponentially growing A, cells were exposed to
graded doses of crocidolite, and ROS were deter-
mined by CM-H,DCFDA fluorescence staining. The
relative intensities are expressed in arbitrary units.
Data were pooled from three independent experi-
ments. Error bars indicate SD.
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to demonstrate that chemically generated
ROS is mutagenic and induces a similar spec-
trum of mutants as that of asbestos fibers.
Exposure of Ap cells to either graded doses of
crocidolite fibers for 24 hr or H,O, in serum-
free medium for 15 min resulted in a dose-
dependent increase in toxicity of Ap cells
(Figure 5). The normal plating efficiency of
Ay cells was 80 + 5% in the present studies.
The surviving fraction of Ay cells treated with
a 2 pg/em? dose of crocidolite fibers was 62 +
4%, and the value decreased to 26 + 5% after
treatment with a 4 pg/cm?® dose of crocidolite
fibers. By comparison, survival of Ay cells after
exposing to 4.4 mM or 13.2 mM H,0, was
56 + 10% and 24 + 5%, respectively. The
background mutant fraction of Ay cells used
in these experiments averaged 52 + 15
mutants per 10% survivors. In contrast, the
negative control, titanium dioxide (TiO,), at
doses up to 12 pg/cm? was neither cytotoxic
nor mutagenic to Ay cells when tested under
similar conditions (data not shown). Both cro-
cidolite fibers and H,O, led to a dose-depen-
dent induction of CD59- mutants in A cells.
The mutant fraction increased with the doses
of fibers and reached a level that was approxi-
mately 4-fold higher than background at a 4
pg/cm? dose of fibers in A cells. As shown in
Figure 5, the mutant fraction was slightly
higher among cells treated with H,O, than
those exposed to crocidolite fibers at equally
toxic doses, though the difference was not sta-
tistically significant. Furthermore, the muta-
tion yields induced by either crocidolite fibers
at a dose of 4 pg/cm? or 13.2 mM H,0, were
dramatically suppressed by either 0.5%
DMSO or 1,000 U/mL catalase (p < 0.05;
Figure 6). These results confirm that ROS
plays a casual role in the mutagenicity of cro-
cidolite fibers and H,O,.

Analysis of mutant spectra. To compare
the type and size of mutations that caused the
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Figure 3. Effect of the radical scavenger DMSO
(0.5%) on the induction of ROS in A cells treated
with a 6-pg/cm? dose of crocidolite. The relative
intensities were expressed in arbitrary units. Data
were pooled from three independent experiments.
Error bars indicate SD.
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CD59 phenotype among Ay cells exposed to
either crocidolite fibers or H,O,, multiplex
PCR and primer sequences for five marker
genes (W71, PTH, CAT, RAS, and APO-AI)
located on either the short or long arm of
human chromosome 11 were used as
described (24). These primers and PCR con-
ditions were selected to amplify only the
human genes instead of their CHO cognate.
Because there is only one chromosome 11 in
Ay cells, the presence or absence of the corre-
sponding PCR products indicates that a par-
ticular segment of DNA containing these
genes is present or lost, respectively. There is
evidence to suggest that a small region of the
distal end of human chromosome 11 at
11p15.5, which corresponds to the RAS probe
in all mutants, is required for viability of the
hybrid cells (33,34). As shown in Table 1, the
majority of spontaneous CD59 mutants
(22/30 or 73%) showed no detectable changes
in any of the marker genes examined, which
was consistent with previous studies (24,34).
In contrast, only 9/27 or 33% of mutants
derived from cells exposed to a 2 pg/cm? dose
of fibers retained all of the marker genes
examined, and 18/27 or 78% of the mutants
had lost at least one additional marker, which
included 7/27 or 26% that lost the proximal
APO-ALI located on the long arm of the chro-
mosome as well. The proportion of mutants
suffering loss of additional chromosomal
markers increased with increasing concentra-
tion of fibers such that none of the 29
mutants induced by a 4 pg/cm? dose of fibers
retained all five of the marker genes, and
19/29 or 66% of them lost the long arm
marker in addition to the CA7 and W7 gene
on the short arm of human chromosomal 11.
The types of mutants induced were similar to
those induced by an equivalent cytotoxic dose

0.5

0.4

0.1

0.0
0 2 6 9 0+ 6+
Catalase Catalase

Crocidolite concentration (ug/cm?)

Figure 4. Induction of H,0, in A_ cells exposed to
graded doses of crocidolite fibers either in the
presence or absence of catalase at a concentration
of 1,000 U/mL. Exponentially growing A, cells were
plated in 96-microwell plates, and the release of
H,0, was examined using Amplex Red reagent in
the presence of HRP. Data were pooled from three
independent experiments. Error bars indicate SD.

of H,O, in that 9/23 or 39% of the mutants
induced by a 4.4 mM H,0, retained all five
primers compared to none among those
induced by the higher dose of 13.2 mM.
These results indicated that equitoxic doses of
crocidolite fibers and H,O, induced similar
multilocus deletions that were increased in a
dose-dependent manner, providing strong cir-
cumstantial evidence that similar mutagenic
mechanisms are involved in the mutagenicity

induced by fibers and ROS.

Discussion

The mechanisms by which ROS are generated
in response to asbestos fiber exposure have
been widely studied (70). Recent studies have
shown that asbestos-induced toxicity to ham-
ster tracheal epthelial cells, rat lung fibroblasts,
and rat alveolar macrophages is suppressed by
the antioxidant enzymes, superoxide dismu-
tase, and catalase, as well as the free-radical
scavengers, such as cysteine, dimethylthiourea,
and ascorbic acid (11,12,36,37). The finding
that mesothelioma induction in rats and
humans can be correlated with fiber-induced
hydroxyl radicals provides further support for
the possible role of ROS in fiber carcinogenesis
(38). Although crocidolite, the most carcino-
genic type of asbestos, has been shown to cat-
alyze the formation of hydroxyl radicals by
either Fenton or Haber-Weiss reactions and
induces lipid peroxidation, DNA strand
breaks, sister chromatid exchanges, and clasto-
genicity (14,39,40), its carcinogenic and muta-
genic mechanisms are still poorly understood.
Several methods, including reduction of
cytochrome ¢ by superoxide ion, luminal
chemoluminescence, reduction of scopoletin
emission, and electron spin resonance, have
been used to measure the generation of ROS

N
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w
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SF=62%

Induced CD59- mutants per 105 survivors

Control  44mM

H,0, Crocidolite H,0,

2ug/em? 13.2mM 4 ug/em?

Crocidolite

Figure 5. Induction of CD59 mutant fractions per 10°
survivors in A cells exposed to either crocidolite
fibers or H,0,. Abbreviations: PE, plating efficiency;
SF, surviving fraction. Results are expressed as
number of induced mutants (total mutant yield minus
background) per 10° survivors. The average number
of preexisting CD59- mutants per 10° survivors in A,
cells used for these experiments was 52 + 15. Data
were pooled from three independent experiments.
Error bars indicate SD.
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induced by asbestos, but such assays are typi-
cally performed in large samples of cells
(~10°) and are affected by geometry and
number of fibers (47—43). An ideal technique
would be to measure ROS released as single-
cell interaction with defined doses of asbestos.
CM-H,DCFDA is a well-established free-
radical probe, which can be trapped in live
cells and provides reliable intracellular fluo-
rescent signals (44,45). The oxidation of
CM-H,DCFDA by ROS, as detected using
confocal microscopy, provided strong evi-
dence that asbestos induced a dose-dependent
increase of ROS in single cells, which could
be inhibited by DMSO.

Although the present data clearly demon-
strate the induction of ROS in fiber-induced
mutagenesis in Ay cells, these experiments did
not specifically identify the source of these
radical species. It is generally accepted that
the mitochondrion is the major source of
intracellular ROS, which is enhanced by elec-
tron transport inhibitors such as ischemia-
reperfusion, rotenone, antimycin A, and
diphenyleneiodonium (46—48). It is possible
that the mitochondrial membrane damage
induced by asbestos could trigger a cascading
event in ROS production involving lipid per-
oxidation (49). Alternatively, peroxynitrite
anions generated as a result of mitochondrial
damage could also be involved. Recent evi-
dence has indicated that stimulation of an
NADH or NADPH oxidase and/or conver-

1 Control

2 Control + DMSO

3 Control + catalase
400 4H,0,

5H,0,+DMS0
6H,0,+ catalase

7 Crocidolite

300 8 Crocidolite + DMSO

9 Crocidolite + catalase

200

100

Induced €D59- mutants per 105 survivors

Figure 6. Effects of catalase (1,000 U/mL) and
DMSO0 (0.5%) on induced CD59 mutant fraction per
105 survivors in A, cells exposed to either crocido-
lite (4 pg/cm?) or H,0, (13.2 mM ). Data were
pooled from four independent experiments. Error
bars indicate SD.

sion of xanthine dehydrogenase to xanthine
in the cytoplasm can occur after contact of
fibers with the plasma membrane and their
subsequent uptake by the cells (32,50). We
observed that ROS were localized mainly in
the cytoplasm, especially in spherical
organelles, both in the control and fiber-
treated cells pretreated with CM-H,DCFDA.
Among those ROS induced by asbestos
fibers, H,O, is relatively long lived and directly
crosses cell membranes by simple diffusion
(42). There is evidence that H,O, induces not
only damage to DNA, causing single- and
double-strand breaks, base loss, base substitu-
tion, and cross-linking, but that it also causes
chromosome aberrations, as well as chromatid
aberrations (47). Using the spin trap 5,5'-
dimethyl-1-pyrroline- N-oxide (DMPO),
Weitzman and Graceffa (27) demonstrated
that crocidolite fibers catalyze the production
of OH" from H,0, in a cell-free system. In
this study, we examined the role of H,O, gen-
eration in Ay cells exposed to crocidolite fibers
in the presence or absence of catalase. Our data
suggested that HO, may be an important
mediating molecule, which is responsible for
fiber cytotoxicity. Because catalase is a rela-
tively large molecule (molecular weight of 250
kD), it is highly unlikely to pass across the cell
membrane without being phagocytized. On
the other hand, H,0, is freely diffusible
between intracellular and extracellular space,
and addition of extracellular catalase can
reduce the intracellular oxidative stress
induced by fibers. In addition to the well-doc-
umented iron-catalyzed reactions that gener-
ate a variety of ROS such as O,~, H,0,,
OH", '0,, HO,", and lipid peroxy radicals,
another pathway involving reactive nitrogen
species may be involved. Several studies have
shown that exposure to crocidolite increases
the production of nitric oxide in rat
macrophages and human lung epithelial
(A549) cells, which subsequently reacts with
O, to produce OH" and peroxynitrite
(ONOO") (51,52). The latter has been shown
to cause nitration of proteins, hydroxylation
or nitration of DNA, and mutations (53).
Previous studies have suggested that
asbestos fibers are strong gene and chromoso-
mal mutagens, inducing predominantly large
deletions in A cells (8,79,25). To obtain fur-
ther insight into the role of oxidative DNA
and chromosome damage in asbestos-mediated

Table 1. The number (percent) of C059~ mutants either of spontaneous origin or induced by the various treat-
ments that retain the following markers in human chromosome 11 as determined by multiplex PCR analyses.

Marker
Group Total mutants APO-A1 CAT WT PTH RAS
Spontaneous 30 30(100) 24 (80) 22 (73) 30(100) 30(100)
2 pg/mL Crocidolite 27 20 (74) 16 (59) 9(33) 27 (100) 27 (100)
4 pg/mL Crocidolite 29 10 (34) 11(38) 0(0) 29(100) 29(100)
4.4 mM H,0, 23 17(74) 10 (43) 9(39) 23(100) 23(100)
13.2 mM H,0, 31 14 (45) 8(26) 0(0) 31(100) 31(100)
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carcinogenesis, it is necessary to compare the
mutation pattern between crocidolite fibers
and ROS. In the absence of serum, H,O,
produced predominantly OH"* radicals in
human fibroblast culture (37). Using this
approach, we show that in asbestos-induced
CD59™ mutants, the types of murtation
induced are similar to those induced by
H,0,. From a mechanistic point of view,
these data suggest that similar mutagenic
mechanisms are involved between asbestos
fibers and chemically generated ROS, which
provides further evidence that fiber-induced
mutagenesis may be mediated through ROS.

Because most ROS are short-lived and can
only diffuse short distances in cells, it is still
not clear how these radicals reach the nucleus
to cause gene and chromosomal mutation
(54,55). Compared with the parental Chinese
hamster ovary cells, Ay cells contain similar
levels of glutathione peroxidase, superoxide
dismutase, and total glutathione, but a 50%
increase in catalase. This is due, presumably, to
the extra copy of CAT gene from the single
copy of human chromosome 11 that they con-
tain (56). One possible scenario is that free
radicals generated by asbestos fibers lead to a
cascading event involving lipid peroxidation. A
direct correlation between lipid peroxidation
and fiber mutagenesis/carcinogenesis has not
been demonstrated, although there is evidence
that asbestos fibers induce lipid peroxidation in
bacteria and mammalian cells (£9,5,).

REFeRENCES AND NOTES

1. Mossman BT. In vitro studies on the biologic effects of
fibers: correlation with in vivo bioassays. Environ Health
Perspect 88:319-322 (1990).

2. Merchant JA. Human epidemiology: a review of fiber type
and characteristics in the development of malignant and
nonmalignant disease. Environ Health Perspect 88:287-293
(1990).

3. Anderson HA, Lilis R, Daum SM, Fischbein AS, Selikoff IJ.
Household-contact ashestos neoplastic risk. Ann N'Y
Acad Sci 271:311-323 (1976).

4. Risherg B, Nickels J, Wagermark J. Familial clustering of
malignant mesothelioma. Cancer 45:242—247 (1980).

5. Oliver LC, Sprince NL, Greene R. Asbestos-related diseases
in public school custodians. Am J Ind Med 19:303-316 (1991).

6. Sebastien P, Bignon J, Martin M. Indoor airborne
asbestos pollution: from the ceiling and the floor. Science
216:1410-1412 (1982).

7. Stanton MF, Laynard M, Tegeris A, Miller E, Kent E.
Carcinogenicity of fibrous glass: pleural response in the rat
in relation to fiber dimension. J Natl Cancer Inst 58:587-603
(1977).

8. Hei TK, He ZY, Suzuki KJ. Effects of antioxidants on fiber
mutagenesis. Carcinogenesis (Lond) 16:1573-1578 (1995).

9. Walker C, Everitt J, Barrett JC. Possible cellular and mole-
cular mechanisms for asbestos carcinogenicity. Am J Ind
Med 21:253-273 (1992).

10. Zalma R, Bonneau L, Guignard J, Pezerat H. Formation of
oxy-radicals by oxygen reduction arising from the surface
activity of asbestos. Can J Chem 65:2338-2341 (1987).

11. Schapira RM, Ghio AJ, Effors RML, Morrisey J, Dawson
CA, Hacker AD. Hydroxyl radicals are formed in the rat
lung after asbestos instillation in vivo. Am J Respir Cell
Mol Biol 10:573-579 (1994).

12. DeGraff WG, Krishna MC, Russo A, Mitchell JB.
Antimutagenicity of a low molecular weight superoxide
dismutase mimic against oxidative mutagens. Environ Mol
Mutagen 19:21-26 (1992).

1007



Articles ¢ Xu et al.

20.

21.

22.

23.

24,

25.

26.

21.

. Korkina LG, Durnev AD, Suslova TB, Chersmisina ZP,

Daugel-Dauge NO, Afanas’ev IB. Oxygen radical-mediated
mutagenic effect of ashestos on human lymphocytes: sup-
pression by oxygen radical scavengers. Mutat Res
265:245-253 (1992).

. Turver CJ, Brown RC. The role of catalytic iron in asbestos

induced lipid peroxidation and DNA strand breakage in
C3H10T1/2 cells. Br J Cancer 56:133—-136 (1987).

. Kamp DW, Israbian VA, Preusen SE, Zhang CX, Weitzman

SA. Asbestos causes DNA strand breaks in cultured pul-
monary epithelial cells: role of iron-catalyzed free radicals.
Am J Physiol Lung Cell Mol Physiol 12:L471-L480 (1995).

. Jaurand MC, Yeagles M, Dong HY, Renier A, Etienne L. In

vitro DNA and chromosomal damage produced by some
minerals and man-made particles on rat pleural mesothe-
lial cells. In: Cellular and Molecular Effects of Mineral and
Synthetic Dusts and Fibers (Davis JMG, Jaurand M, eds).
Heidelberg:Springer-Verlag, 1994;183-192.

. Hang SL, Saggioro D, Michelmann H, Malling HV. Genetic

effects of crocidolite asbestos in Chinese hamster lung
cells. Mutat Res 57:225-232 (1978).

. Daniel FB. In vitro assessment of asbestos genotoxicity.

Environ Health Perspect 53:162-167 (1983).

. Hei TK, Piao CQ, He ZY, Vanneis D, Waldren CA. Chrysotile

fiber is a strong mutagen in mammalian cells. Cancer Res
52:6305-6309 (1992).

Both K, Henderson DW, Turner DR. Asbestos and erionite
fibers can induce mutations in human lymphocytes that
resulted in loss of heterozygosity. Int J Cancer 59:538-542
(1994).

Park SH, Aust AE. Participation of iron and nitric oxide in
the mutagenicity of ashestos in hgprt, gpt* Chinese
Hamster V79 cells. Cancer Res 58:1144-1148 (1998).
Lezon-Geyda K, Jaime CM, Godbold JH, Savransky EF,
Hope A, Kheiri SA, Dzmura ZM, Uehara H, Johnson EM,
Fasy TM. Chrysotile asbestos fibers mediate homologous
recombination in Rat2 fibroblasts: implications for car-
cinogenesis. Mutat Res 361:113-120 (1996).

Waldren CA, Correll L, Sognier MA, Puck TT. Measurement
of low levels of X-ray mutagenesis in relation to human
disease. Proc Natl Acad Sci USA 83:4839-4843 (1986).

Hei TK, Liu SX, Waldren A. Mutagenicity of arsenic in
mammalian cells: role of oxygen reactive species. Proc
Natl Acad Sci USA 95:8103-8107 (1998).

Hei TK, He ZY, Piao CQ, Waldren CA. Mutagenicity of min-
eral fibers. NATO ASI (Adv Sci Inst) Ser Ser A Life Sci
23:319-326 (1990).

Long JF, Dutta PK, Hogg BD. Fluoresecence imaging of
reactive oxygen metabolites generated in single
macrophages cells (NR8383) upon phagocytosis of natural
zeolite (erionite) fibers. Environ Health Perspect 105:706-711
(1997).

Weitzman SA, Graceffa P. Asbestos catalyzes hydroxyl and
superoxide radical generation form hydrogen peroxide.
Arch Biochem Biophys 228:373-376 (1984).

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

A1,

42.

Zhu LY, Stansbury HKH, Trush MA. Role of reactive oxygen
species in multistage carcinogenesis. In: Oxygen Radicals
and the Disease Process (Thomas CE, Kalyanaram B, eds).
Amsterdam:Harwood Academic Publishers, 1997;237-277.
Liu SX, Athar M, Lippai |, Waldren C, Hei TK. Induction of
oxyradicals by arsenic: implication for mechanism of
genotoxicity. Proc Natl Acad USA 98:1643-1648 (2001).
Mohanty JG, Jaffe JS, Schulman ES, Raible DG. A highly
sensitive fluorescent micro-assay of H,0, release from
activated human leukocytes using a dihydroxyphenoxazine
derivative. J Inmunol Methods 202:133-141 (1997).

Xu A, Wu LJ, Santella RM, Hei TK. Role of oxyradicals in
mutagnicity and DNA damage induced by crocidolite
asbestos in mammalian cells. Cancer Res 59:5922-5926
(1999).

Fridovich I. The biology of oxygen radicals. Science
201:875-880 (1978).

McGuinness EM, Shibuya SM, Ueno AM, Vannais D,
Waldren CA. Mutant quantity and quality in mammalian
cells (Ap) exposed to cesium-137 gamma radiation: effect
of caffeine. Radiat Res 142:247-255 (1995).

Zhou HN, Zhu LU, Li KB, Hei TK. Radon, tobacco-specific
nitrosamine and mutagenesis in mammalian cells. Mutat
Res 430:145-153 (1999).

Jaurand MC. Mechanisms of fiber-induced genotoxicity.
Environ Health Perspect 105:1073-1084 (1987).

Shatos MA, Doherty JM, Marsh JP, Mossman BT.
Prevention of ashestos-induced cell death in rat lung
fibroblasts and alveolar macrophages by scavengers of
active oxygen species. Environ Res 44:103-116 (1987).

Oya Y, Yamamoto K, Tononura A. The biological activity of
hydrogen peroxides. I. Induction of chromosome-type
aberrations susceptible to inhibition by scavengers of
hydroxyl radicals in human embryonic fibroblasts. Mutat
Res 172:245-253 (1986).

Adachi S, Yoshida S, Kawamura K, Takahashi M, Uchida H,
Odagiri Y, Takemoto K. Induction of oxidative DNA damage
and mesotheliaoma by crocidolite with special reference to
the presence of iron inside and outside of asbestos fibers.
Carcinogenesis 15:753-758 (1994).

Maple KR, Johnson NF. Fiber-induced hydroxyl radical
formation: correlation with mesothelioma induction in rats
and humans. Carcinogenesis 13:2035-2039 (1992).

Hansen K, Mossman BT. Generation of superoxide (0,7)
from alveolar macrophages exposed to ashestiform and
nonfibrous particles. Cancer Res 47:1681-1686 (1987).
Vilim V, Wilhelm J, Brzak P, Hurych J. Stimulation of alveolar
macrophages by mineral dusts in vitro: lumino-dependent
chemiluminescence study. Environ Res 42:246-256 (1987).
Root RK, Metcalf J, Oshino N, Chance B. H,0, release from
human granulocytes during phagocytosis. |. Documentation,
quantitation, and some regulation factors. J Clin Invest
55:945-955 (1975).

. Gabrielson EW, Rosen GM, Grafstrom RC, Strauss KE,

Harris CC. Studies on the role of oxygen radicals in

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

ashestos-induced cytopathology of cultured human lung
mesothelial cells. Carcinogenesis 7:1161-1164 (1986).
LeBel CP, Ischiropoulos H, Bondy SC. Evaluation of the
probe 2°,7"-dichlorofluorescin as an indicator of reactive
oxygen species formation and oxidative stress. Chem Res
Toxicol 5:227-231(1992).

Rothe G, Valet G. Flow cytometric analysis of respiratory
burst activity in phagocytes with hydroethidine and 2°,7"-
dichlorofluorescin. J Leukoc Biol 47:440-448 (1990).
Ambrosio G, Zeier JL, Duilio C, Kuppusamy P, Santoro G, Elia
PP, Tritto I, Cirillo P, Condorelli M, Rlaherty JT. Evidence that
mitochondrial respiration is a source of potentially toxic oxy-
gen free radicals in intact rabbit hearts subjected to
ischemia and reflow. J Biol Chem 268:18532—18541 (1993).
Hancock JT, Jones TG. The inhibition by diphenyleneiodo-
nium and its analogues of superoxide generation by
macrophages. Biochem J 242:103-107 (1987).

Freeman BA, Crapo JD. Biology of diseases: free radicals
and tissue injury. Lab Invest 47:412-426 (1982).

Howden PJ, Faux SP. Fiber-induced lipid peroxidation leads
to DNA adduct formation in Salmonella typhimurium TA104
and rat lung fibroblasts. Carcinogenesis 17:413-419 (1996).
Turrens JF, Alexandre A, Lehninger AL. Ubisemiquinone is
the electron donor for superoxide formation by complex I1
of heart mitochondria. Arch Biochem Biophys 237:408-411
(1985).

Zhu S, Manuel M, Tanaka S, Choe N, Kagan E, Matalon S.
Contribution of reactive oxygen and nitrogen species to
particulate-induced lung injury. Environ Health Perspect
106:1157-1163 (1998).

Park SH, Aust AE. Regulation of nitric oxide synthase induc-
tion by iron and glutathione in asbestos-treated human lung
epithelial cells. Arch Biochem Biophys 360:47-52 (1998).
Juedes MJ, Wogan GN. Peroxynitrite-induced mutation
spectra of pSP189 following replication in bacteria and in
human cells. Mutat Res 349:51-61 (1996).

Termini J. Hydroperoxide-induced DNA damage and
mutations. Mutat Res 450:107—124 (2000).

Dahm-Daphi J, Sass C, Alberti W. Comparison of biologi-
cal effects of DNA damage induced by ionizing radiation
and hydrogen peroxide in CHO cells. Int J Radiat Biol
76:67-75 (2000).

Gustafson DL, Franz HR, Ueno AM, Smith CJ, Doolittle DJ,
Waldren CA. Vanillin (3-methoxy-4-hydroxybenzaldehyde)
inhibits mutation induced by hydrogen peroxide, N-
methyl-N-nitrosoguanidine and mitomycin C but not '3Cs
gamma-radiation at the CD59 locus in human-hamster
hybrid A(L) cells. Mutagenesis 15:207-213 (2000).
Goodglick LA, Pietras LA, Kane AB. Evaluation of the
causal relationship between crocidolite asbestos-induced
lipid peroxidation and toxicity to macrophages. Am Rev
Respir Dis 139:1265-1273 (1989).

1008

voLuME 110 | Numger 10 | October 2002 - Environmental Health Perspectives





